Abstract. The identification of microRNAs (miRNAs/miRs) has enabled the improved understanding of the carcinogenesis and progression of hepatocellular carcinoma (HCC). miRNAs are small non-coding RNAs comprised of 19-24 nucleotides that regulate the expression of target genes. In the present study, miR-138 was demonstrated to be downregulated in human HCC tissues and cell lines. Restoration of miR-138 expression repressed the proliferation, migration and invasion of HCC cells. Furthermore, specificity protein 1 (SP1) was identified as a target gene of miR-138 in HCC using bioinformatics analysis, luciferase reporter assay, reverse transcription-quantitative polymerase chain reaction and western blot analysis. Knockdown of SP1 produced similar suppressive effects to those induced by miR-138 overexpression in HCC cells. These results indicate that miR-138 targeted SP1 to repress the growth, migration and invasion of HCC cells, and may therefore represent a therapeutic target in human HCC.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most prevalent malignancy and the third-leading cause of cancer-associated mortality worldwide (1) . It was reported that there were 782,500 new HCC cases and 745,500 incidences of mortality due to HCC worldwide during 2012, of which half were in China (2) . Numerous risk factors for HCC patients have been identified, including chronic viral hepatitis B or C infection, chemical exposure, alcohol consumption, obesity, hereditary hemochromatosis and hepatosteatosis (3) . At present, the primary therapeutic strategies for HCC are surgical resection, liver transplantation and ablation, and chemotherapy (4) . For patients with early stage of HCC, the primary tumor can often be completely resected; however, patients with advanced-stage HCC have a poor prognosis due to the likelihood of intrahepatic recurrence and tumor metastasis (5, 6) . Furthermore, the cellular and molecular processes underlying the recurrence and metastasis of HCC remain poorly characterized. A complete understanding of the mechanisms that mediate HCC progression could aid the identification of novel therapeutic targets and consequently improve the prognosis for patients with HCC.
The identification of microRNAs (miRNAs/miRs) has enabled an improved understanding of carcinogenesis and HCC progression. miRNAs are small non-coding RNAs comprised of 19-24 nucleotides (7) that negatively regulate the expression of target genes at the post-transcriptional level through interaction with the 3'-untranslated regions (3'UTRs) of target mRNAs, resulting in either mRNA degradation or the inhibition of translation (8) . Since the identification of the first miRNA, lin-4, in 1993, the existence of a large number of miRNAs has been validated (9) . At the time of writing, ~1,000 miRNAs have been identified in humans (10) . miRNAs are believed to modulate more than a third of human genes (11) and therefore serve notable functions in a large number of biological processes, including cell proliferation, cell cycle, apoptosis, differentiation, metabolism, migration and invasion (12) (13) (14) . Furthermore, increasing evidence has demonstrated that the abnormal expression of miRNAs contributes to the initiation and development of human malignancies, including HCC (15) (16) (17) . Although numerous miRNAs have been identified, their expression and roles in HCC carcinogenesis and progression, and the underlying mechanisms by which this occurs, remain largely unidentified.
Thus, the present study aimed to determine the level of miR-138 in HCC tissues and cells, its effects on cell proliferation, migration and invasion, and the mechanisms for the observed effects, including the potential targets of miR-138. miR-138 was demonstrated to be downregulated in HCC and inhibited cell proliferation, migration and invasion via directly targeting SP1. These findings provide supplementation to the general molecular mechanisms of carcinogenesis and progression in HCC and may aid the identification of novel targets for HCC treatment.
Materials and methods
Human tissue specimens. The present study was approved by the Ethics Committee of Qilu Hospital (Jinan, China) and each patient provided informed written consent. A total of 32 paired HCC tissues and corresponding adjacent non-tumor liver tissues were obtained by surgical resection from HCC patients (male, 23; female, 9; age range, 43-75 years; mean age 58 years) at Qilu Hospital. None of these HCC patients were treated with chemotherapy or radiotherapy prior to surgery. Fresh tissues were immediately frozen in liquid nitrogen and stored at -80˚C.
Cell lines, cell culture and cell transfection. Immortalized human hepatocyte LO2 cells, and HepG2, Hep3B, SMMC-7721, Huh7 and BEL-7402 HCC cells were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml streptomycin (all Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). An miR-138 mimic, the corresponding negative control (NC), small interfering RNA (siRNA) for SP1 (si-SP1) and si-NC were produced by Shanghai GenePharma Co., Ltd. (Shanghai, China). The miR-138 mimics sequence was 5'-AGC UGG UGU UGU GAA UCA GGCCG-3' and the NC sequence was 5'-UUC UCC GAA CGU GUC ACG UTT-3'. The si-SP1 sequence was 5'-GCA ACA UGG GAA UUA UGA ATT-3' and the si-NC sequence was 5'-UUC UCC GAA CGU GUC ACG UTT-3'. Cells were seeded in 6-well plates at 60-70% confluence and transfected with the oligonucleotides using Lipofectamine ® 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's instructions.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from tissues and cell lines using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The relative expression levels of miR-138 were measured using a One Step SYBR ® PrimeScript™ miRNA RT-PCR kit (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's protocol. The reaction conditions were as follows: 42˚C for 5 min, 95˚C for 10 sec, followed by 40 cycles of 95˚C for 5 sec, 55˚C for 30 sec and 70˚C for 30 sec. To assess SP1 mRNA expression levels, cDNA was synthesized using M-MLV reverse transcriptase (Promega Corporation, Madison, WI, USA) and qPCR was performed using SYBR green I mix (Takara Bio, Inc.). The thermocycling conditions for qPCR were as follows: 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. The primers were designed as follows: miR-138, 5'-TCC GAG CCT GAC TAA GTG TTG TGG TCGA-3' (forward) and 5'-GTG CAG GGT CCG AGGT-3' (reverse); U6, 5'-GCT T CG GCA GCA CAT ATA CTA AAAT-3' (forward) and 5'-CGC TTC ACG AAT TTG CGT GTCAT-3' (reverse); SP1, 5'-TGG TGG GCA GTA TGT TGT-3' (forward) and 5'-GCT ATT GGC ATT GGT GAA-3' (reverse); and GAPDH, 5'-GGA GTC AAC GGA TTT GGT-3' (forward) and 5'-GTG ATG GGA TTT CCA T TGAT-3' (reverse). U6 small nuclear RNA and GADPH mRNA were used as internal controls for miR-138 and SP1 mRNA expression, respectively. All experiments were performed in triplicate, and data were analyzed with the 2 -∆∆Ct method (18) .
Cell proliferation assay. At 48 h after transfection, HepG2
and Huh7 cells were harvested and re-seeded into 96-well plates at a density of 3,000 cells per well. Cell proliferation was determined at 24, 48, 72 and 96 h after plating using Cell Counting Kit-8 (CCK8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) according to the manufacturer's protocol. In brief, cells were incubated with 10 µl CCK8 solution for 2 h in a humidified atmosphere containing 5% CO 2 at 37˚C. The optical density was measured at 450 nm using an ELISA reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Each experiment was repeated at least three times.
Transwell cell migration and invasion assay. Cell migration and invasion were assessed using Transwell chambers (8-µm pore size; Corning, Inc., Corning, NY, USA) either with or without Matrigel (BD Biosciences, San Jose, CA, USA). At 48 h after transfection, HepG2 and Huh7 cells were harvested and re-seeded into the upper chamber at a density of 3x10 4 cells in 200 µl fetal bovine serum (FBS)-free culture medium. The bottom chamber was filled with 600 µl culture medium containing 20% FBS. Subsequent incubation for 48 h in a humidified atmosphere containing 5% CO 2 at 37˚C, the cells remaining on the top surface of the membrane were removed using a cotton swab. The migrated and invaded cells were fixed with 95% ethanol for 10 min at room temperature, stained with 0.5% crystal violet for 10 min at room temperature, and 5 random fields were counted under a light microscope (magnification, x200).
miRNA target-gene prediction. TargetScan (http://www .targetscan.org/) and PicTar (http://pictar.bio.nyu.edu) were used to predict the potential target genes of miR-138.
Luciferase reporter assay. The wild-type [pMIR-SP1-3'UTR Wt 1 and Wt 2] and mutant (pMIR-SP1-3'UTR Mut 1 and Mut 2) SP1 3'UTR cloned in pMIR-REPORT were produced by Shanghai GenePharma Co., Ltd. HEK293T cells were seeded in a 24-well plate at a density of 40-50% confluence. Following incubation overnight, HEK293T cells were co-transfected with miR-138 mimics or NC, and pMIR-SP1-3'UTR Wt or pMIR-SP1-3'UTR Mut using Lipofectamine ® 2000 reagent, following the manufacturer's recommendations. At 48 h after transfection, cells were harvested and firefly luciferase activity was detected using the Dual-Luciferase Reporter system (Promega Corporation) and normalized to that of Renilla luciferase, according to the manufacturer's protocol.
Western blot analysis.
At 72 h after transfection, cells were lysed with ice-cold lysis buffer supplemented with protease inhibitor cocktail (Pierce; Thermo Fisher Scientific, Inc.). Total protein concentration was determined using the Enhanced BCA Protein Assay kit (Beyotime Institution of Biotechnology, Haimen, China). Protein samples (20 µg) were separated on a 10% SDS-PAGE and then transferred to a polyvinylidene fluoride membrane. Subsequent to blocking in 5% skimmed milk at room temperature for 2 h, the membranes were incubated overnight at 4˚C with mouse anti-human SP1 monoclonal primary antibody (1:1,000, ab77441; Abcam, Cambridge, UK) and mouse anti-human GADPH monoclonal primary antibody (1:1,000, ab125247; Abcam) primary antibodies. Next, the membranes were incubated with the goat anti-mouse horseradish peroxidase-conjugated secondary antibody (1:3,000, ab6789; Abcam) for 1 h at room temperature.
The membranes were visualized with Super Signal West Pico Chemiluminescent Substrate kit (Pierce; Thermo Fisher Scientific, Inc.). GADPH was used as a loading control.
Statistical analysis. Data were expressed as mean ± standard deviation and compared with Student's t-test or one-way analysis of variance (ANOVA) using SPSS 13.0 (SPSS Inc., Chicago, IL, USA). miR-138 expression in HCC cell lines were analyzed with ANOVA and other results were analyzed by Student's t-test. SNK was used as a post hoc test following ANOVA. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-138 is downregulated in HCC tissues and cell lines.
The expression levels of miR-138 were measured in HCC tissues and their corresponding adjacent non-tumor liver tissues using RT-qPCR. miR-138 was significantly downregulated in HCC tissues compared with that in adjacent non-tumor liver tissue ( Fig. 1A; P<0 .05). miR-138 expression levels were also assessed in HepG2, Hep3B, SMMC-7721, Huh7 and BEL-7402 HCC cells. As demonstrated in Fig. 1B , miR-138 expression levels were reduced in the HCC cell lines compared with the immortalized human hepatocyte LO2 cell line (P<0.05). Therefore, these results indicated that miR-138 was downregulated in HCC tissues and cell lines.
miR-138 suppresses HCC cell proliferation, migration and invasion.
To determine the roles of miR-138 in HCC, an miR-138 mimic was transfected into HepG2 and Huh7 cells. Following transfection with the miR-138 mimic or an NC, the expression levels of miR-138 in HepG2 and Huh7 cells were evaluated by RT-qPCR. The expression in the miR-138 mimic-transfected cells was significantly increased (Fig. 2A,  P<0 .05).
A cell proliferation assay was performed to investigate the effect of miR-138 on HCC cell proliferation. The results revealed that the restoration of miR-138 expression suppressed the proliferation of HepG2 and Huh7 cells (Fig. 2B; P<0.05) . A Transwell migration and invasion assay was performed to investigate the effects of miR-138 on the migration and invasion capacity of HCC cells. As demonstrated in Fig. 2C , the migratory and invasive abilities of HepG2 and Huh7 cells transfected with the miR-138 mimic were significantly reduced compared with cells transfected with the NC (P<0.05). These findings indicated that miR-138 can act as a potential tumor suppressor in HCC.
miR-138 directly targets SP1 in HCC.
To investigate the mechanisms of miR-138-induced cell proliferation, migration and invasion inhibition, the target genes of miR-138 were searched for using TargetScan and PicTar. Bioinformatics analysis demonstrated that SP1 may be a target of miR-138, based on putative target sequences at the SP1 3'UTR (Fig. 3A) . To confirm whether SP1 was a target of miR-138, a dual-luciferase reporter assay was performed, which identified that miR-138 overexpression markedly decreased the luciferase activities with pMIR-SP1-3'UTR Wt 1 and Wt 2, but not pMIR-SP1-3'UTR Mut 1 and Mut 2, indicating that miR-138 directly targeted the 3'UTR of SP1 ( Fig. 3B; P<0.05) . Furthermore, RT-qPCR and western blot analysis revealed that ectopic miR-138 expression suppressed SP1 expression compared with transfection with the NC in HepG2 and Huh7 cells at the mRNA ( Fig. 3C; P<0 .05) and protein ( Fig. 3D ; P<0.05) levels. These results suggested that SP1 was a direct target gene of miR-138 in HCC.
Knockdown of SP1 produces similar effects to miR-138 overexpression in HCC cells. SP1 expression was knocked down using si-SP1 to assess whether SP1 suppressed HCC cell proliferation, migration and invasion as induced by miR-138 overexpression. At 48 h after transfection, the expression of SP1 mRNA was determined using RT-qPCR ( Fig. 4A; P<0.05) . Based on the results of cell proliferation and Transwell migration and invasion assays, knockdown of SP1 resulted in the suppression of HepG2 and Huh7 cell proliferation ( Fig. 4B ; P<0.05), migration and invasion ( Fig. 4C; P<0 .05), which were similar to the effects of miR-138 overexpression in HepG2 and Huh7 cells. These results demonstrated that miR-138 repressed proliferation, migration and invasion of HCC cells by downregulating SP1. 
Discussion
miRNAs have emerged as critical regulators of HCC progression and tumorigenesis (19, 20) . In the present study, RT-qPCR was performed to measure miR-138 expression in HCC tissues and cell lines. The data revealed that miR-138 expression levels were reduced in HCC tissues and cell lines, compared with corresponding adjacent non-tumor liver tissues, and an immortalized human hepatocyte cell line, respectively. Further experiments demonstrated that miR-138 also suppressed HCC cell proliferation, migration and invasion. SP1 was validated to be a direct target gene of miR-138 in HCC. miR-138/SP1-based targeted therapy could therefore represent a promising therapeutic strategy for HCC patients. Downregulation of miR-138 has been reported in diverse types of human cancer, including anaplastic thyroid carcinoma (21), head and neck squamous cell carcinoma (22) , clear cell renal cell carcinoma (23), ovarian cancer (24), glioblastoma (25) , colorectal cancer (26), non-small cell lung cancer (NSCLC) (27) , pancreatic cancer (28) and breast cancer (29) . Furthermore, reduced miR-138 expression was associated with a number of cancer characteristics. For example, in NSCLC, low miR-138 expression levels were significantly associated with an advanced clinical stage and positive lymph node metastasis (27) . In addition, the overall survival of NSCLC patients with low miR-138 expression was significantly shorter than those with high miR-138 expression (27) . Zhang et al (29) reported that low miR-138 expression levels were associated with lymph node metastasis and invasion in breast cancer. Another study revealed that in HCC, miR-138 was associated with an advanced clinical stage, the presence of portal vein invasion and lymph node metastasis (30) . These studies suggested that deregulation of miR-138 may be implicated in carcinogenesis and progression of human cancer, and may be a promising prognostic biomarker in these types of human cancer.
Studies have also revealed that the dysregulation of miR-138 is associated with the carcinogenesis and progression of diverse types of human cancer. Zhang et al (29) reported that miR-138 regulated metastasis and the epithelial-mesenchymal transition in breast cancer cells. In NSCLC, miR-138 suppressed cell proliferation, migration, in vitro cisplatin sensitivity and in vivo tumor growth (31) (32) (33) . The restoration of miR-138 expression in NSCLC cells was found to reverse gefitinib resistance (34) . Xu et al (35) revealed that miR-138 overexpression suppressed oral squamous cell carcinoma (36) and gallbladder carcinoma cell growth. Yang et al (26) found that miR-138 expression resulted in a significant inhibition of colorectal cancer cell migration and invasion in vitro and in vivo. In ovarian cancer, miR-138 overexpression repressed cancer cell invasion and metastasis (24) . In nasopharyngeal carcinoma, miR-138 markedly decreased cell proliferation and colony formation in vitro, and tumorigenesis in vivo (37) . In head and neck squamous cell carcinoma, ectopic transfection with miR-138 inhibited cell invasion, and enhanced cell-cycle arrest and apoptosis (22) . The evidence from these prior studies, together with the findings of the present study, indicates that miR-138 acts as a tumor suppressor in cancer.
Evidence suggests that miRNAs can exert functions as oncogenes or tumor suppressors in carcinogenesis and progression of human cancer depending on the roles of their target genes (38) (39) (40) . Therefore, identification of miR-138 target genes involved in HCC tumorigenesis and progression may provide valuable insight for the diagnosis and therapeutic treatments of patients with HCC. Numerous genes are directly regulated by miR-138, including vimentin in breast cancer (29) , zinc finger E-box-binding homeobox 2 in bladder cancer (41) , ARF GTPase-activating protein GIT1, semaphoring 4C (42) and G1/S-specific cyclin-D3 (33) in NSCLC, transcriptional coactivator YAP1 in oral squamous cell carcinoma (36) and BAG family molecular chaperone regulator 1 in gallbladder carcinoma (35) . In the present study, SP1 was identified as a endogenous SP1 expression at the transcriptional and translational levels.
The present study demonstrated that miR-138 was significantly downregulated in HCC tissues and cell lines and that miR-138 overexpression repressed HCC cell proliferation, migration and invasion. Furthermore, SP1 was identified as a direct target gene of miR-138 in HCC. These results indicate that miR-138 may be associated with the tumorigenesis and progression of HCC, and may therefore represent a potential target for HCC treatment.
